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Abstract
To fold on biologically relevant timescales, proteins have evolved funnelled energy
landscapes with minimal energetic trapping. However, the polymeric nature of proteins
and the spatial arrangement of secondary structural elements can create topological
traps and slow folding. It is challenging to identify, visualise and quantify such topolog-
ical trapping. Designed proteins have not had the benet of evolution and it has been
hypothesised that de novo designed protein topologies may therefore feature more topo-
logical trapping. Structure-based models (SBMs) are inherently funnelled, removing
most energetic trapping, and can thus be used to isolate the eect of protein topology
on the landscape. Here, we compare Top7, a designed protein with a topology unknown
in nature, to S6, a naturally occurring ribosomal protein of similar size and topology.
Possible kinetic traps and the energetic barriers separating them from the native state
are elucidated. We nd that even with an SBM, the potential energy landscap (PEL)
of the designed protein is more frustrated than that of the natural protein. We then
quantify the eect of adding non-native hydrophobic interactions and coarse-grained
side-chains through a frustration density parameter. A clear increase in frustration is
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observed on including side-chains, whereas adding hydrophobic interactions leads to
a narrowing of the funnel and a decrease in complexity. The most likely (un)folding
routes for all models are derived through the construction of probability contact maps.
The ability to quantitatively understand and optimise the organisation of the PEL for
designed proteins may enable us to design structure-seeking landscapes, mimicking the
eect of evolution.
Introduction
The energy landscape of a protein determines its structure, dynamics, and thermodynam-
ics.1,2 A consequence of the energy landscape theory2{4 and the principle of minimal frustra-
tion5 is that most natural single-domain globular proteins have evolved a funnelled energy
landscape to fold robustly to the native state with folding rates that are biologically feasi-
ble.6 A natural protein folds to its native state through progressive evolution of an ensemble
of native-like partially folded structures. This folding mechanism is controlled by both the
shape of the landscape and the degree of frustration. Here, frustration is dened in terms of
low-lying minima with distinct partially folded structures, separated by high barriers.7,8
We employ discrete path sampling (DPS)9,10 to construct a database of connected local
minima and transition states on the potential energy landscape (PEL), which is visualised
using disconnectivity graphs.11,12 DPS has been employed to sample the PEL of several
biological systems,13{18 including a 16 residue -hairpin peptide16 and an RNA tetra-loop
hairpin.19 More recently, DPS was used to evaluate the energy landscape of an intrinsi-
cally disordered protein,20 and a coiled-coil conformational switch.21 Further, a three-colour
(BLN) 69-residue model protein was constructed and shown to be fully funnelled in its Go
model representation.22 Go, or structure-based models (SBMs), encode the native structure
of the protein, usually leading to funnelled energy landscapes, which isolate the eects of
topology by removing energetic trapping due to non-native interactions.23 SBMs reproduce
correct folding trajectories for a diverse set of natural, single-domain, globular proteins in
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simulations.6,24
It has been postulated that designed proteins are more frustrated than their natural
counterparts.25,26 Top7 was designed specically to exist in a topology unknown in nature.27
It has been hypothesised that some of the frustration present in its energy landscape is due
to this non-natural topology.28 The thermodynamics and kinetics of Top7 have been exten-
sively studied with SBM-like models,29{31 thus providing useful benchmarks for assessing
the applicability of DPS to examine frustration in designed proteins. Previous theoretical
studies on folding24,29{31 have concluded, on the basis of free energy proles derived from
molecular dynamics with native-centric SBM-like potentials, that multiple metastable states
exist in Top7 with the C-terminus preferentially formed, while the N-terminus remains un-
folded. This picture is conrmed through experiment28,32,33 where the C-terminus forms a
stable homo-dimer, with a secondary structure that remains nearly unchanged up to 98C
and with high concentrations of denaturant.32 In comparison, the free energy proles derived
for evolved natural proteins of a similar size (like S634) indicate that these mostly fold in
a cooperative two-state manner.30,31 Watters et al.33 found that below 4M guanidine con-
centrations, the folding of Top7 is a triple-exponential process, indicating that at least four
states are populated during the folding reaction. A \cavity" was reported in the N-terminus
half of Top7 and modications to this region were recently suggested to make it fold more
cooperatively.35 Further, Zhang et al. noted that non-native hydrophobic interactions are
essential for the roll-over observed in the folding arm of Top7 in the chevron plot.30 Here,
the hydrophobic residues V48, F63, A64, A65, L67, and V81 were implicated in stabilising
non-native states of Top7.
The naturally occurring ribosomal protein S6,34 is similar to Top7 in size and shares
with it many topological features. The contrasting folding behaviour of the two proteins has
been studied in depth24,31 with native-like SBM models and molecular dynamics. Further, a
tetra-peptide fragment-based design algorithm was used to design another 92 residue protein,
M7,36 which folds into a structure identical to Top7.37 M7 was designed specically to fold
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more like a natural protein, i.e. in a two-state manner. Thus, it should be insightful to
construct energy landscapes for these three proteins.
We dene a frustration density parameter38 that is able to quantitatively capture the
frustration of the PEL at low energy for the three proteins. Change in frustration densities
over a large part of the (un)folding route are derived and compared for Top7, S6 and M7.
The preferred paths for (un)folding of Top7 and M7 are also compared. Further, using
Top7 as an example, we show that DPS, in combination with SBMs, is a viable tool to nd
low-energy intermediates and quantify frustration in the PEL of a protein.
Methods
Potential energy functions
In a C-SBM, each residue in a protein is coarse-grained to a spherical neutral bead centred
at the -carbon. The native topology is dened purely on the basis of a contact map derived
from the native state, which is then projected onto the coarse-grained C representation.
Thus the number of native contacts (with identical interactions) is predened. Each residue
in contact with another in the contact map has an attractive Lennard-Jones interaction.
In principle, this contribution biases the energy landscape in favour of the native state,
while eliminating kinetic traps emerging from energetic frustration (accounted for through
non-native interactions) yielding a funnelled potential energy landscape.
Contact maps are generated with all heavy atoms and then projected onto the C rep-
resentation. For Top7, contact maps for the C-model are generated in two ways; rst,
with the shadow contact map (SCM) algorithm,8,39 where parameters are derived from the
SMOG server39 in the C representation with a cut-o radius of 6.5A, and second, with a
cut-o based contact map where the cut-o radius is set at 4.5A35 (see gure 1). The size
of each individual C bead is set at 4A as was the case in previous studies.24,29{31 When we
want to introduce solvent eects in the C-model, we allow beads belonging to non-native
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hydrophobic residues (A, V, L, I, M, F, W and Y) to interact with a 12-10 Lennard-Jones
type potential, again with an interaction strength of  and a constant distance separation of
5.5A.40 The intramolecular eect of water molecules is represented by a double-well desol-
vation barrier potential.41,42 Here, in keeping with previous studies,24 the 4.5A cut-o based
contact map was used for native-contacts.
The overall SBM employs two sti harmonic terms that restrain the bonds (Kb = 100)
and angles (K = 40) among the beads, a dihedral term (K = 1), and an attractive
Lennard-Jones term, which denes attractive interactions among beads that are found to be
in contact from the contact map. A repulsive excluded volume term, which denes the short-
range repulsions between the beads that are not in native or non-native contact, is also added.
Throughout the manuscript we use reduced reduced energy units with  = 1kcal/mol.8,39
A simple two-bead C-C model as dened by Cheung et al.43 was employed to account
for side-chain interactions. A C bead was placed at the centre of mass of the side-chain of
each residue. Then the native structure was partitioned into backbone and side-chain atoms,
from which C-C, C-C and C-C contacts were derived.1
Mapping the energy landscape:
Molecular Dynamics
Starting from the native state, molecular dynamics simulations were performed approxi-
mately at the folding temperature (Tf ) where the folded and unfolded states have similar
populations. The topology les for the SCM map were generated with SMOG.39 All other
topologies for GROMACS and OPTIM were generated with an in-house code. A leapfrog
stochastic dynamics integrator was used with a time step of 5 femtoseconds. We checked
that several transitions occurred between folded, unfolded and intermediate states in order
to ensure extensive sampling. An ensemble of conformational states was derived for S6 and
Top7 from these molecular dynamics simulations.
1Details of potential parameters are included in Supplementary Information
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As seen in earlier studies for Top7,7,24,29,31,33 an intermediate state is populated at
Q  0:56. The intermediate state disappears for the ensemble derived with the shadow-
contact map with a 6.5A radius. The addition of non-native hydrophobic attractive in-
teractions leads to a surge in the number of intermediate states obtained in Top7, while
the evolved S6 protein displays very little change in folding behaviour. From this result,
earlier studies concluded that naturally occurring proteins of similar size, such as S6, fold
signicantly more cooperatively than the designed protein, Top7. In Figure 2, we conrm
these conclusions for dierent avours of SBMs employed in our study. In each case, the
free energy proles for S6 showed cooperative behaviour and a lack of intermediate states.
In contrast, the free energy prole of Top7 is quite sensitive to the type of contact map and
potential employed. Multiple intermediates appear, depending on the type of perturbation
applied. Thus, with the condence that the potentials employed in this study reproduce
known results, disconnectivity graphs were constructed with DPS.
Discrete path sampling (DPS)
For a given protein, an initial set of local minima was generated from conformations de-
rived by clustering the molecular dynamics trajectory into folded, unfolded and intermediate
states. Each of these geometries was minimised with a modied L-BFGS algorithm,44 as
implemented in OPTIM,45 for a convergence threshold on the magnitude of the gradient at
10 6 kcal/mol. A database of stationary points (local minima and transition states) was then
constructed with discrete path sampling as implemented in PATHSAMPLE,46 by connecting
pairs of local minima. A transition state is dened as a rst order saddle point on the poten-
tial energy surface, where the Hessian has exactly one negative eigenvalue, whose eigenvector
corresponds to a local reaction coordinate. New stationary points are accepted and added to
the database on-the-y as they are found. The missing connection algorithm47 was used to
select pairs of minima. Initial transition state guesses were generated and lowest-energy paths
connecting a pair of local minima were found with the doubly-nudged48,49 elastic band50,51
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(DNEB) method, followed by interpolation between the end points.52 Further optimisation
was carried out by hybrid eigenvector-following in OPTIM.53 The network of connected sta-
tionary points thus derived for the protein was visualised as a microcanonical disconnectivity
graph.11,12,542
In this graph, each minimum corresponds to a vertical branch terminating at the corre-
sponding potential energy. For a regular series of threshold energies spaced by a chosen value
, we perform a superbasin analysis11 to separate the minima into disjoint sets, whose mem-
bers can interconvert without exceeding a transition state energy above the current threshold.
The branches join at nodes on the vertical (energy) axis as the superbasins merge. The ar-
rangement on the horizontal axis is usually chosen to ensure that the branches do not cross,
with the lowest-lying minima in the centre. The size of the energy spacing parameter  is
chosen to visualise the structure of the landscape in an informative way. Further details can
be found in Ref.12,14,55
For de novo design of a minimally frustrated protein, it is useful to have a metric that
quanties frustration, which can be used to optimise a given sequence through mutation. \Z-
score" and \double Z-score" statistics , derived from the random energy model,56 are based
on the ratio of folding temperature (Tf ), to the glass transition temperature (Tg), and have
been suggested as metrics to quantify frustration.57,58 In this model, Tf=Tg is proportional
to the ratio of the energy gap between the folded and unfolded states (Es = Eu Ef ), and
the uctuations in energy in the unfolded ensemble (E =
p
(Ef   hEfi)2). E represents
the height of the folding funnel, and E the frustration. Thus, Tf=Tg > 1 essentially implies
a globally funnelled landscape, which can be visualised by a disconnectivity graph. A fully
funnelled landscape is characterised by a \palm tree" appearance.12
Here, we dene frustration density () as the fraction of minima discarded from the
branch with the native state at the bottom at a given energy level, divided by , the spacing
between energy levels.38 This metric is directly accessible from the disconnectivity graph.
2See supplementary information for input les, potential parameters and details of sampling.
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Other metrics for measuring funneling/frustration include the route function of Clementi et
al.,6 based on the probability of forming native contacts, a geometric \topological folding
barrier" determined through a Delaunay tesselation,59 and more recently the frustration
parameter of de Souza et al.60
Results and discussion
Discrete Path Sampling: C-SBMs: Top7, S6 and M7
Construction of a disconnectivity graph requires an appropriate description of reactant and
product states. Multiple conformers of Top7 were drawn from the molecular dynamics
trajectories (described in Figure 2) and clustered into the unfolded state (Q < 0:4), the
intermediate state (0:4  Q < 0:7) and the folded state (Q  0:7). L-BFGS minimisations
were then performed to obtain a set of around 5000 local minima, which were used as starting
points for constructing the disconnectivity graph.
In experiment it is observed that the C-terminus of Top7 is always preferentially folded.32,61
The presence of a topological trap at the N-terminus could explain this behaviour to some
extent. The C-terminus region remains fully folded in our ensemble up to the threshold
studied (i.e. Q = 0:65) above the native state. Truong et al.31 found intermediates for Top7
with a non-additive SBM62,63 (but at a Q value of around 0.35). The intermediates con-
tained an entirely unfolded N-terminus and partially unfolded C-terminus. A non-additive
SBM includes three-body terms in the Hamiltonian to improve prediction of experimentally
determined rate constants.
From the disconnectivity graph, the structures labelled A1, A2 and A3 were characterised
as possible traps by the appearance of small sub-funnels. We dene a sub-funnel (or a
kinetic trap) as a branch (other than the main branch associated with the global minimum)
containing more than 50 nodes at =0.5. This choice allows for easier visualisation and
characterises the traps found for the proteins in question. Three dierent sub-funnels were
8
observed and the conformers at the bottom of these funnels are shown in Figure 3. The
presence of these funnels in a C-SBM with identical contact strengths indicates that the
topology of the Top7 protein itself might lead to trapping. We note that each of the basins,
corresponding to possible kinetic traps, do not appear to occupy a large volume in phase
space, and thus may not be easily accessible (from MD).
In A1 the 1-2 strands are similar to the native state, N, but are shifted in a concerted
manner around an elongated 2-helix. This conformer resembles the intermediate structure
I2 reported by Zhang et al.,
30 with a C-SBM that includes a desolvation barrier and non-
native hydrophobic interactions. The contact map used in that study was identical to our
4.5A cut-o based contact map with a total of 201 contacts. The A1 sub-funnel is connected
to the A2 basin, as shown in Figure 3. In A3, the 1 and 2 strands break all contacts and
then reform them after accommodating the loop between 3 and 1 motifs. While all beads
were free to move, it is always the N-terminus that is deformed for up to 55  above the
native state. The C-terminus of the protein,27 is fully intact during unfolding in the low-
energy region. A cavity on the N-terminus has been previously noted as a probable cause of
frustration.35 Curiously, when the SCM algorithm was used to dene the contact map, we
observed that the C-terminus of the protein was the most likely to unfold. It is possible that
folding routes of designed proteins may be more sensitive to small changes in the contact
map. In further analysis, we always use contact maps derived from the 4.5 A cut-o radius
map as it reproduces the experimentally known pathway.
Truong et al.31 reported that the free energy prole of Top7 is considerably more complex
than that of the natural protein S6. In Figure 4, we show disconnectivity graphs for M7
and S6 derived from the C-SBM. No sub-funnels (traps) were found in the graphs derived
for S6 and M7 that satisfy our criterion of 50 nodes at =0.5. Instead, we see a funnelled
\palm-tree" like disconnectivity graph. We discuss the distribution of frustration in the
landscapes represented in Figure 3 and Figure 4 in a later section.
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Eect of adding non-native hydrophobic attractions on the PEL of
Top7
Enhanced structure-based models (eSBMs),35 i.e. SBMs enhanced with non-native interac-
tions, have been used to study the folding behaviour of many proteins.24,30,35,40 A multi-
dimensional microcanonical disconnectivity graph can facilitate the tuning of enhanced
structure-based models over a signicant part of the low-energy landscape. The PEL of
Top7 using a C-eSBM with non-native hydrophobic interactions shows that the energy
separation between near-native and native states (a quantity often used to describe frustra-
tion) remains the same (10 ), but a clear narrowing of the funnel is observed (see Figure
5). We note that in each case, the graphs were constructed up to 55  (around Q = 0:65 for
=1kcal/mol) above the native state. This result agrees with several molecular dynamics
studies, where addition of non-native interactions between hydrophobic contacts leads to an
increase in the rate of folding,64 and frustration appears to decrease.65
Structure A4 (Figure 5) was identied at the bottom of the only sub-funnel found in the
graph. 1-3 are able to break contacts and reform them around the loop connecting the 2
and 3 motifs. From the frequency of contact formation in the low-energy ensemble (Figure
7), it becomes clear that hydrophobic contacts also destabilise the 1-3 interactions.
Eect of adding coarse-grained side-chains on the PEL of Top7
The addition of side-chain side-chain and backbone side-chain interactions to the standard
backbone-backbone interactions through a native-centric C-C model makes the topology
more complex. This change might lead to a more frustrated landscape, with multiple sub-
funnels in the disconnectivity graph. We discuss the frustration more quantitatively in a later
section. The structures labelled A5, A6, A7 and A8, which lie at the bottom of the four
largest sub-funnels found, are depicted in Figure 6, along with the disconnectivity graph of
the C-C model of Top7. These structures correspond to possible low-energy intermediates
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(see Figure 6) that are expected to arise from the C-C model. Here, we consider conformers
up to 100  above the native state and extensive sampling was performed.
Interestingly, structure A7 is very similar to the intermediate I0, suggested by Zhang et
al.30 In I0, the helical contacts are broken leading to a bending of the connected -strands 1
and 3. This observation suggests that A7 results from quenching I0 (minimising with an L-
BFGS routine in our case). Two of the reported three intermediate states (I0, I1 and I2
24,30)
were also characterised as sub-funnels in the C-C model, possibly emphasising the role
of side-chain interactions in the folding behaviour of Top7. Finally, two other intermediates
suggested by Truong et al.31 at Q = 0:25 and Q = 0:35 have not been sampled in the present
work,as they require the entire N-terminus to unfold, along with parts of the C-terminus.
Analysis of this unfolding would require extensive sampling to a higher energy threshold
above the native state. Use of more elaborate predictive models, such as AWSEM66 and
statistical potentials26 for a more realistic description of folding processes in natural and
designed proteins will be the focus of future work.
Finally, in supplementary Figures S1 and S2, we provide a comparison of the kinetic
traps. The potential energy of structures A1-A8 relative to the native state is plotted with
ve dierent potential parameters. For structures identied with the two-bead potential
(A5-A8), the C atoms were removed to make a comparison with the C-only structures.
In A5-A8, the eect of adding hydrophobic interactions is minimal, as the energy does not
change much with respect to the native state. In structures A3 and A4, adding hydrophobic
interactions increases the relative energies of the structures. Relative energies calculated
from the two-bead model for A5, A7 and A8 are larger by about 30  than the C-only
counterparts. However, in the case of A6, the relative energies derived from the SCM C-
SBM are similar to the two-bead SBM. This result might indicate that side-chain interactions
do not play an important role in stablising this particular structure. Figure S2 depicts the
`fastest' paths found for transition to the native state with four dierent potential parameters.
Here, the eect of adding hydrophobic contacts on the lowest-energy transition path are
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apparent. In A1, A2 and A3, a signicant increase in barrier height is observed along the
transition path when hydrophobic interactions are added.
Preferred mechanism of (un)folding: Top7 with various SBM avours
and M7
We construct \probability contact maps" for each ensemble comprising only the local minima
connected to the native state (see Figure 7). Analogous maps are also constructed for the
molecular dynamics ensembles. The map derived for the C-SBM with a 4.5A cut-o (with
201 contacts) is treated as the base on which each of the other contact maps are projected.
A combination of single-molecule force microscopy and steered molecular dynamics sim-
ulations with Top7 suggested that, for mechanical unfolding, the backbone hydrogen bonds
connecting  strands 1 and 3 break concurrently as the N-terminus and the C-terminus slide
past each other.67 Thermodynamically as well, from Figure 7a this process appears to be
the preferred path. All the potentials, with the exception of the 6.5A cut-o SCM map,39
indicate that the 1-3 contacts are formed with the lowest probability, and that unfolding
proceeds from the N-terminus. Addition of non-native attractive hydrophobic terms exac-
erbates the destabilisation of the contacts between the 1 and 3 strands. Furthermore,
contacts among these two strands are also the most likely to break in the C-C model,
which includes side-chain eects.
The contact map of Top7 derived from the SCM algorithm (Figure 7a) changes the
unfolding route such that the C-terminus unfolds rst. Previous MD studies29,31 have noted
a change in the folding route, and we can now clearly attribute the change to the unfolding
of the C-terminus as we have the benet of considering only the minima connected to the
native state through one or more transition states.
The folding route of a designed protein could be more sensitive to the contact map de-
nition. Sixty additional contacts added from the SCM algorithm (shown in the bottom right
half of Figure 1b as blue squares) completely alter the preferred mechanism for unfolding.
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Interestingly, the cooperatively folding topological analogue of Top7, the protein M7, also
unfolds from the C-terminus rst, irrespective of the type of contact map used. Thus, while
the overall topologies of the two proteins are identical, we can see a clear preference for
unfolding to proceed from the other end for M7. We can also see, with the evidence from
the folding behaviour of M7, that the topology of Top7 (and M7) is indeed conducive to
cooperative folding.30 Very little experimental data exists for M7 and to the best of our
knowledge, there are no experimental measurements to verify the unfolding mechanism.
Frustration: Top7, M7 and S6
We measure the frustration of the potential energy surface in terms of a density parameter
(), dened as the number of (normalised) minima that branch o the main funnel at a given
energy level divided by the width of the energy spacing () in the disconnectivity graph. In
Figure 8, we compare  for the landscapes derived for a) Top7, C-SBM (4.5A cut-o), b)
S6, C-SBM , c) C-C-SBM and d) M7, C-SBM. We note that this analysis is limited
to the low-energy parts of the PEL (around 55  for C and 100  for C-C models) as
most of the sampling was performed under these threshold values in each case. As  is a
function of the magnitude of  we plot it for four dierent values, namely 0.5 , 1 , 2  and
4  (=1kcal/mol). Qualitative dierences in the frustration become quite evident by tuning
.
Up to 55 ,  for Top7 uctuates, peaking rst around 15, falling, and then peaking again
around 45  above the native state. For S6, very little uctuation is found in . A structure-
seeking system is one that can relax to the global minimum rapidly. Examples include
magic number clusters, crystals, and evolved single-domain proteins.1 As is characteristic of
structure-seeking landscapes,  increases exponentially as we move further away from the
native state. The C-C model of Top7 exhibits many uctuations over a small energy
range. This result indicates that more pockets of local minima are being separated into
sub-funnels.  increases continuously up to around 40  above the native state, after which
13
uctuations begin to appear. Here,  peaks between 26 and 35  above the native state. The
rst peak can be viewed as an indication of the funnel depth. An analysis of this kind is
likely to be useful when determining the energy separation between the native states and
near-native states for application to the random energy model. The Tf=Tg parameter is
used as a proxy for this energy dierence for explicit negative design of cooperatively folding
proteins.31,58 A higher  peak indicates a deeper global funnel, and quantitatively determines
the dierence in energy between near-native and native states.
It was expected that the C-C model would lead to greater frustration, but it appears
that below 40  the potential energy surface is quite funnelled; the expected increase in 
contributed by side-chains begins to appear only above this energy. Here, we are able to
show quantitatively that SBMs, which are more funnelled by design, can capture the increase
in frustration of the potential energy surface of a protein only designed to fold into its native
state, but where the design process has not optimised the folding route. For S6, we can see
how the funnel evolves with very little uctuation in frustration density. Interestingly, for
M7 as well, the funnel remains quite well dened up to about 40  with very little uctuation
in , although not as pronounced as it is in S6 underlining the evolved property of minimally
frustrated funnels in natural proteins.
Conclusions
We have investigated the nature of the potential energy landscapes (PELs) for various coarse-
grained structure-based models (SBMs) of a designed protein with a non-natural topology,
Top7, its sequentially dierent but structurally similar designed analogue, M7, and the nat-
ural protein with similar topology, S6, using discrete path sampling (DPS). The landscapes
were visualised using disconnectivity graphs and analysed in a variety of dierent ways. We
nd that DPS can identify known kinetic traps along the folding path of Top7, which mani-
fest as sub-funnels in the landscape. Further, despite encoding the structure and having little
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energetic frustration, C-SBMs capture the increase in frustration in the energy landscape
of Top7, when compared to S6 and M7.
By analysing two dierent landscapes of Top7, which are calculated using C-SBMs that
encode slightly dierent contact maps, we nd that the two models fold by dierent routes.
Thus, designed proteins may be more sensitive to small changes in the contact map. We
then add non-native hydrophobic contacts to the Top7 C-SBM and this leads to a PEL
with a narrower funnel. In a dierent perturbation to the model, we increase the complexity
of the structural description and add C side-chain beads to the Top7 C-SBM. A clear
increase in frustration is observed at higher energies with the C-C-SBM. The changes
in frustration upon changing model or protein are quantiable with a frustration density
parameter. Overall, we conclude that the PELs of designed proteins are likely to be less
robust to changes in model and more frustrated than those of natural proteins. DPS can be
used to quantitatively understand the PELs of SBMs of both designed and natural proteins.
This insight could in future be used to construct a mutational strategy to sculpt structure-
seeking funnelled landscales in articial proteins.
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Figure 1: (a) Top7 (PDBID:1QYS) with labelled secondary structure motifs. (b) Con-
tact maps for Top7 derived from the 4.5A cut-o map (top-left, orange squares) and the
6.5A SCM algorithm39 (bottom-right, blue squares). Blue squares on the top-left depict
the extra contact-pairs added from the SCM algorithm. (c) Contact maps for M7 (PDBID:
2JVF, top-left) and S6 (PDBID: 1RIS, bottom-right) derived from the 4.5A cut-o map
(orange squares). Blue squares depict contacts present in the SCM map but absent in the
4.5A cut-o map. The horizontal and vertical axes represent each bead (C or C atom)
numbered in ascending order from N- to C-terminus. (d) Contact maps in the -C represen-
tation43 for Top7 coarse-grained to 179 beads. The top-left half depicts backbone-backbone
(bb, blue squares) and side-chain side-chain (sc, orange squares) beads in contact in the
native state. The bottom-left half depicts the backbone beads in contact with side-chain
beads (bbsc, green squares).
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Figure 2: Normalised population of conformational states (vertical-axis) as a function of
fraction of native contacts, Q (horizontal axis), from a molecular dynamics trajectory at
around Tf for contact maps derived from a 4.5A cut-o (4.5, black), a 4.5A cut-o with
non-native hydrophobic interactions (4.5+hp, blue), a 6.5A shadow contact map (SCM,
orange), a 6.5A shadow contact map with non-native hydrophobic interactions (SCM+hp,
green), and a 4.5A cut-o map with contacts interacting with a desolvation-barrier type
potential (dsb, red) instead of the 10-12 LJ potential, the C-C model43(CA-CB, purple).
Clearly separated folded and unfolded states appear in the evolved ribosomal protein S6
(right), whereas intermediate structures appear for the designed protein Top7 (left).
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Figure 3: Disconnectivity graph representation of the ensemble of stationary points derived
with DPS for the 4.5A cut-o contact map. Thorough sampling up to 55 kcal/mol ()
above the native state was performed with 526,166 minima and 611,148 connected transition
states. Two sub-funnels with more than 50 nodes are shown in purple and green. The boxes
are magnications. Conformers corresponding to the bottom of each funnel are labelled N
(Native state), A1, A2 and A3, conformers corresponding to the bottom of each sub-funnel
are depicted at the bottom of the gure. Blue indicates the parts of the protein similar to the
native state (N) and red indicates a high RMSD dierence obtained from an RMSD-based
per residue structural alignment.
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Figure 4: Disconnectivity graphs with the native C model (4.5A cut-o map) for proteins
S6 and M7. No signicant sub-funnels were found within our criterion of 50 nodes at =
0.5, indicating a highly funnelled structure-seeking landscape.
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Figure 5: (a) Disconnectivity graph representation of the ensemble derived with the C-SBM
with non-native hydrophobic interactions included. Thorough sampling up to 55 kcal/mol
above the native state was performed with 403,111 minima 653,226 transition states. Con-
former A4 corresponding to the bottom of one sub-funnel containing more than 50 nodes is
depicted in the green box. Its structure is shown in the bottom right corner. The colouring
is identical to Figure 3 .
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Figure 6: (a) Disconnectivity graph for the C-C model. Two magnied sections of the
graph emphasise the frustration. Many such sub-funnels with more than 50 nodes in a 0.5 
energy range are found. The four conformers at the bottom of four biggest sub-funnels are
labelled A5, A6, A7 and A8. The colouring is identical to Figure 3. 497,140 transition states
connected to 225,893 local minima are contained in the graph.
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Figure 7: Probability contact maps for ensembles obtained from discrete path sampling9,10
are depicted in (a). Four separate probability contact maps are plotted for potentials from the
C-SBM with 4.5A cut-o (labelled 4.5), C-SBM with non-native hydrophobic interactions
(labelled 4.5+hp), shadow contact map algorithm (SMOG server, labelled SCM) and for the
M7 protein (SMOG server, labelled M7(SCM)). Similarly, in (b), four separate maps are
plotted for ensembles derived fromMD trajectories at around Tf for the C-SBM with a 4.5A
cut-o (labelled 4.5), C-SBM with non-native hydrophobic interactions (labelled 4.5+hp),
Shadow Contact Map algorithm (SMOG server, labelled SCM) and C-SBM (4.5A cut-o),
where the contacts interact with a desolvation barrier type potential (labelled dsb). The
colour represents the average Q value of each contact in the ensemble. The experimentally
known unfolding pathway proceed from the breaking of the 1-3 bonds that show the least
propensity for forming in all the maps except for M7(SCM) and 6.5(SCM). These maps
suggest cooperative folding behaviour and a clear propensity for the C-terminus unfolding
rst.
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Figure 8: Frustration density  as a function of the energy interval, for disconnectivity graphs
constructed with =0.5 (blue), 1 (orange), 2 (green) and 4 (red) for (a) Top7 - C model
4.5A cut-o based map, (b) S6 - C model, SCM-based map, (c) Top7 - C-C model and
(d) M7- C model, 6.5A SCM based map. The horizontal axis is scaled to =1  (kcal/mol).
For the designed protein Top7, a funnelled structure-based model representation shows dis-
tinct uctuation in the frustration density parameter. These uctuations are absent for the
naturally evolved ribosomal protein, S6, and the cooperative folder to Top7 topology, M7.
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Potentials
The coarse-grained description of a exible protein chain is as follows: Each residue is
approximated as a spherical bead centered on the  -Carbon. N is the number of C beads
in a given protein, r is the distance between two adjacent beads,  the angle dened by
three consecutive beads and  the dihedral angle dened over four consecutive beads. Ubond,
Uangle and Udihedral (summed up as U1) are the energy contributions from these bonds, angles
and dihedrals respectively. rO, O and O are the corresponding bond lengths, angles and
dihedrals in the native structure derived from the Protein Data Bank (PDB). Interactions
between residues that are in contact in the native structure are given by Unative where rij is the
distance between two C beads, i and j separated by at least three consecutive residues. If
the C atoms are not in contact, then the excluded-volume repulsion for non-native contacts
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is given by Urep. Equation 1 summarises the denitions.
Ubond =
X
i=1;N 1
Kb
2
 
ri   rO
2
Uangle =
X
i=1;N 2
K
 
i   O
2
Udihedral =
X
i=1;N 3
K
(n)

2
 
1  cos n(i   O
U1 = Ubond + Uangle + Udihedral
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NativeX
i<j 3
ij
h
5
ij
rij
12
  6
ij
rij
10i
Urep =
Non nativeX
i<j 3
ij
 C
rij
12
(1)
The potential for the C-SBM is then dened in equation 2.
UC = U1 + Unative + Urep (2)
where Kb = 100, K= 20, K
(1)
 =, K
(3)
 =0:5 C=4A ,ij=1 kcal/mol. More details in
Ref.39
When hydrophobic contacts are included, denoted by \hp" in the manuscript, the poten-
tial employed is given by equation 3.
Uhp = UC +
HP Non nativeX
i<j 3
ij
h
5
hp
rij
12
  6
hp
rij
10i
(3)
Each hydrophobic contact is given a default equilibrium distance of hp = 5:5A and an
interaction strength of 1. \HP-Non-native" refers to summation of pairs of hydrophobic
residues that are not already in contact in the native state.
The desolvation barrier potential that allows a coarse-grained approximation of a water
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molecule embedded within the protein denoted by \dsb" in the manuscript is dened in
equation 4:
Udsb = U1 + U2 + Urep (4)
where U2 is the attractive interaction among the C beads in contact in the native state
and is dened in equation 5 as:
U2 =
8>>>>>><>>>>>>:
Z(r)

Z(r   2); r<rcm:
CY (rn)

Y (r)n=2  (rdb   rcm)2n=2n+ db

; rcm  r < rdb:
 BY (r)  h1=Y (r)m + h2; r > rdb
(5)
where:
Z(r) = (rcm=r)
k
Y (r) = (r   rdb)2
C = 4n(+ db)=(rdb   rcm)4n
B = mssm(rssm   rdb)2(m 1)
h1 = (1  1=m)(rssm   rdb)2=(ssm=db + 1)
h2 = (m  1)(rssm   rdb)2m=(1 + db=ssm)
kdb = 6;mdb = 3; ndb = 2
(6)
Both U2 and its rst derivative with respect to rij are continuous functions. More details
in Reference.41,42
The two-bead potential was introduced by Cheung et al.43 We have employed the most
basic form that does not account for chirality and hydrogen bonding. We use the poten-
tial only to show a clear increase in frustration on introducing coarse-grained side-chain
interactions.
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Utb = Ubond + Uangle +
C C C CX
i=1;N 3
K
2
 
1  cos 2i   
2

+ Unative +
Non nativeX
i<j 3
ij
fij
rij
12
(7)
where i and j are indices of beads. ij = ri + rj , where ri and rj are the radii of interacting
beads. For non-native C-C pairs,ji   jj  2; for non-native C-C pairs,ji   jj  4 and
for non-native C-C pairs; ji  jj  2 for non-native and pairs.\f" is the scaling factor set
at 0.7. More details of the model can be found in reference.43
Table 1: List of SBM avours and parameters for each protein studied. Total number of
minima (nmin) and transition states (ntrans) found for each type of SBM after PATHSAMPLE
runs. Kb,K and K are the harmonic constants for bonds, angles and dihedrals respectively
as described in eq1.
Protein Type of SBM rc ncontacts nmin; nts Kb,K,K
Top7 C(SCM) 6.5 261 526166,611648 100,20,1
Top7 C(cut-o) 4.5 201 506037,555854 100,20,1
Top7 C(hp) 4.5 201+659 403111,653226 100,20,1
Top7 C(dsb) 4.5 201 n/a 100,20,1
Top7 C-C 4.5 402 225893,497140 100,20,1
S6 C(SCM) 6.5 282 50803,68066 100,20,1
S6 C(cut-o) 4.5 211 79628,91290 100,20,1
S6 C(hp) 4.5 211+853 45470,47148 100,20,1
S6 C(dsb) 4.5 211 n/a 100,20,1
S6 C-C 4.5 402 40458,49737 100,20,1
M7 C(SCM) 6.5 229 320609,312942 100,20,1
M7 C(cut-o) 4.5 253 475011,418546 100,20,1
Go-kit commands
In order to determine the residues in contact in the native state, two separate methods
were employed. The Shadow Contact Map (SCM) algorithm3 and a cut-o based contact
map generated from the Go-kit code maintained by us 4. Parameters for each potential are
summarised in Table 1.
3https://smog-server.org
4https://bitbucket.org/nsridhar/pyesbm
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Contact maps
Top7-4.5A cut-o (201 contacts)
1 20 ; 1 21 ; 1 22 ; 1 51 ; 2 19 ; 2 20 ; 2 21 ; 2 50 ; 2 51 ; 2 61 ; 3 18 ; 3 19 ; 3 20 ; 3 49 ; 3 50 ; 3 51 ; 4 17 ; 4 18 ; 4 19 ; 4 34 ; 4 48 ; 4 49 ; 4 50 ; 5
16 ; 5 17 ; 5 18 ; 5 47 ; 5 48 ; 5 49 ; 6 15 ; 6 16 ; 6 17 ; 6 19 ; 6 34 ; 6 47 ; 6 48 ; 7 14 ; 7 15 ; 7 16 ; 7 45 ; 7 46 ; 7 47 ; 8 13 ; 8 14 ; 8 15 ; 8 17 ; 8
38 ; 8 43 ; 8 45 ; 8 46 ; 9 13 ; 9 14 ; 9 43 ; 9 44 ; 9 45 ; 10 41 ; 10 43 ; 10 44 ; 13 41 ; 15 41 ; 17 34 ; 17 37 ; 19 30 ; 19 33 ; 19 34 ; 19 37 ; 21 26 ;
21 27 ; 21 30 ; 22 26 ; 24 28 ; 24 61 ; 25 29 ; 26 30 ; 27 31 ; 27 61 ; 28 32 ; 29 33 ; 30 34 ; 31 35 ; 31 64 ; 31 65 ; 32 36 ; 33 37 ; 34 38 ; 34 48 ; 35
39 ; 35 68 ; 35 71 ; 35 72 ; 36 40 ; 37 41 ; 38 42 ; 38 43 ; 38 72 ; 38 74 ; 39 72 ; 42 74 ; 42 92 ; 43 74 ; 43 92 ; 44 74 ; 44 90 ; 44 91 ; 44 92 ; 45 90 ;
45 91 ; 46 69 ; 46 74 ; 46 88 ; 46 89 ; 46 90 ; 47 87 ; 47 88 ; 47 89 ; 48 65 ; 48 69 ; 48 86 ; 48 87 ; 48 88 ; 49 85 ; 49 86 ; 49 87 ; 50 61 ; 50 65 ; 50
84 ; 50 85 ; 50 86 ; 51 84 ; 51 85 ; 52 57 ; 52 58 ; 52 61 ; 52 84 ; 53 57 ; 53 84 ; 54 58 ; 54 84 ; 55 59 ; 55 81 ; 55 83 ; 55 84 ; 56 60 ; 57 61 ; 58 62 ;
58 81 ; 58 84 ; 58 86 ; 59 63 ; 59 81 ; 60 64 ; 61 65 ; 61 86 ; 62 66 ; 62 79 ; 62 81 ; 62 86 ; 62 88 ; 63 67 ; 64 68 ; 65 69 ; 65 88 ; 66 70 ; 66 77 ; 66
79 ; 67 71 ; 68 72 ; 69 73 ; 69 74 ; 69 77 ; 69 88 ; 69 89 ; 69 90 ; 70 74 ; 70 75 ; 70 77 ; 72 92 ; 73 91 ; 73 92 ; 74 90 ; 74 91 ; 74 92 ; 75 91 ; 75 92 ;
76 89 ; 76 90 ; 76 91 ; 77 88 ; 77 89 ; 77 90 ; 78 87 ; 78 88 ; 78 89 ; 79 86 ; 79 87 ; 79 88 ; 80 85 ; 80 86 ; 80 87 ; 81 85 ; 81 86
Top7-6.5A Shadow Contact-Map (261 contacts)
1 53 ; 1 51 ; 1 52 ; 1 20 ; 1 21 ; 1 22 ; 2 20 ; 2 21 ; 2 22 ; 2 51 ; 2 52 ; 2 19 ; 2 53 ; 2 57 ; 2 61 ; 2 27 ; 2 50 ; 2 23 ; 2 24 ; 3 50 ; 3 51 ; 3 19 ; 3 20 ; 3
49 ; 3 18 ; 4 18 ; 4 19 ; 4 21 ; 4 48 ; 4 49 ; 4 50 ; 4 17 ; 4 30 ; 4 34 ; 4 27 ; 5 48 ; 5 49 ; 5 50 ; 5 17 ; 5 18 ; 5 47 ; 5 16 ; 6 16 ; 6 17 ; 6 19 ; 6 47 ; 6
48 ; 6 15 ; 6 34 ; 6 38 ; 6 46 ; 6 30 ; 7 46 ; 7 47 ; 7 14 ; 7 15 ; 7 16 ; 7 45 ; 8 14 ; 8 15 ; 8 17 ; 8 45 ; 8 46 ; 8 13 ; 8 47 ; 8 38 ; 8 41 ; 8 43 ; 8 37 ; 9
43 ; 9 45 ; 9 46 ; 9 13 ; 9 14 ; 9 41 ; 9 44 ; 10 44 ; 10 41 ; 10 43 ; 10 42 ; 13 41 ; 15 41 ; 17 34 ; 17 37 ; 19 30 ; 19 34 ; 19 33 ; 19 37 ; 20 26 ; 21 26 ;
21 27 ; 21 30 ; 22 26 ; 23 27 ; 24 61 ; 24 28 ; 24 64 ; 24 60 ; 25 29 ; 26 30 ; 27 31 ; 27 50 ; 27 61 ; 27 64 ; 28 32 ; 28 33 ; 29 33 ; 30 34 ; 31 35 ; 31
68 ; 31 64 ; 31 65 ; 31 50 ; 32 36 ; 33 37 ; 34 38 ; 34 39 ; 34 72 ; 34 48 ; 35 68 ; 35 72 ; 35 39 ; 35 67 ; 35 71 ; 36 40 ; 36 41 ; 37 41 ; 37 42 ; 38 74 ;
38 42 ; 38 43 ; 38 46 ; 38 72 ; 38 48 ; 39 72 ; 39 71 ; 42 74 ; 42 92 ; 43 74 ; 43 92 ; 44 92 ; 44 74 ; 44 90 ; 44 91 ; 45 89 ; 45 90 ; 45 91 ; 46 74 ; 46
89 ; 46 90 ; 46 69 ; 46 88 ; 47 88 ; 47 89 ; 47 87 ; 48 69 ; 48 87 ; 48 88 ; 48 65 ; 48 86 ; 48 68 ; 49 86 ; 49 87 ; 49 85 ; 50 65 ; 50 85 ; 50 86 ; 50 58 ;
50 61 ; 50 84 ; 51 84 ; 51 85 ; 51 61 ; 52 58 ; 52 84 ; 52 85 ; 52 86 ; 52 57 ; 52 61 ; 53 57 ; 53 84 ; 54 84 ; 54 58 ; 55 84 ; 55 81 ; 55 83 ; 55 59 ; 56
60 ; 57 61 ; 58 86 ; 58 62 ; 58 81 ; 58 83 ; 58 84 ; 59 63 ; 59 81 ; 60 64 ; 61 65 ; 61 88 ; 61 86 ; 62 86 ; 62 88 ; 62 66 ; 62 79 ; 62 81 ; 63 67 ; 64 68 ;
65 88 ; 65 69 ; 65 70 ; 65 77 ; 65 86 ; 66 77 ; 66 70 ; 66 74 ; 66 79 ; 66 88 ; 67 71 ; 67 72 ; 68 72 ; 68 74 ; 69 74 ; 69 73 ; 69 75 ; 69 77 ; 69 90 ; 69
88 ; 69 89 ; 70 77 ; 70 74 ; 70 75 ; 72 92 ; 73 91 ; 73 92 ; 74 91 ; 74 92 ; 74 90 ; 75 91 ; 75 92 ; 76 90 ; 76 91 ; 76 92 ; 76 89 ; 77 89 ; 77 90 ; 77 91 ;
77 88 ; 78 88 ; 78 89 ; 78 87 ; 78 91 ; 79 86 ; 79 87 ; 79 88 ; 80 86 ; 80 87 ; 80 88 ; 80 85 ; 81 85 ; 81 86 ; 82 87
Top7-C-C;4.5A cut-o (402 contacts)
1 99 ; 2 43 ; 2 39 ; 3 40 ; 3 38 ; 3 41 ; 3 39 ; 3 36 ; 3 99 ; 4 8 ; 4 41 ; 4 98 ; 4 120 ; 5 99 ; 5 100 ; 5 98 ; 5 36 ; 5 95 ; 5 97 ; 6 39 ; 6 35 ; 6 100 ; 7 32
; 7 98 ; 7 37 ; 7 35 ; 7 95 ; 7 36 ; 7 34 ; 8 37 ; 8 12 ; 8 67 ; 8 94 ; 8 98 ; 9 96 ; 9 94 ; 9 93 ; 9 91 ; 9 95 ; 9 32 ; 10 96 ; 10 35 ; 10 31 ; 11 33 ; 11 31 ;
11 28 ; 11 30 ; 11 32 ; 11 91 ; 12 16 ; 12 94 ; 12 67 ; 12 37 ; 12 33 ; 13 92 ; 13 28 ; 13 87 ; 13 89 ; 13 91 ; 14 92 ; 14 27 ; 14 31 ; 15 24 ; 15 87 ; 15
28 ; 15 26 ; 15 29 ; 15 27 ; 16 29 ; 16 33 ; 16 75 ; 16 84 ; 16 90 ; 17 27 ; 17 83 ; 17 85 ; 17 84 ; 17 87 ; 17 24 ; 18 27 ; 19 24 ; 19 25 ; 20 81 ; 20 84 ;
21 25 ; 24 29 ; 25 29 ; 25 81 ; 29 33 ; 29 81 ; 30 35 ; 31 35 ; 32 37 ; 33 73 ; 33 67 ; 33 37 ; 37 67 ; 37 65 ; 37 59 ; 37 73 ; 40 51 ; 41 53 ; 41 59 ; 41
51 ; 42 51 ; 43 51 ; 44 49 ; 44 51 ; 44 50 ; 45 51 ; 45 49 ; 46 52 ; 46 54 ; 46 55 ; 46 53 ; 47 53 ; 47 120 ; 48 53 ; 48 57 ; 48 55 ; 48 56 ; 48 54 ; 50 58
; 50 56 ; 50 57 ; 50 59 ; 51 57 ; 52 60 ; 52 58 ; 52 59 ; 52 61 ; 53 61 ; 53 120 ; 54 62 ; 54 60 ; 54 61 ; 54 63 ; 56 64 ; 56 62 ; 56 63 ; 56 65 ; 58 66 ;
58 64 ; 58 65 ; 58 67 ; 59 67 ; 60 68 ; 60 69 ; 60 67 ; 60 66 ; 61 128 ; 61 126 ; 62 71 ; 62 70 ; 62 68 ; 62 69 ; 63 71 ; 64 72 ; 64 70 ; 64 73 ; 64 71 ; 65
73 ; 66 72 ; 66 75 ; 66 73 ; 66 74 ; 67 73 ; 67 94 ; 68 77 ; 68 74 ; 68 76 ; 68 142 ; 68 75 ; 69 134 ; 69 140 ; 69 142 ; 70 76 ; 70 78 ; 70 77 ; 70 79 ; 71
77 ; 72 81 ; 72 78 ; 72 79 ; 72 80 ; 74 82 ; 74 80 ; 74 83 ; 74 145 ; 74 81 ; 75 145 ; 75 142 ; 76 82 ; 77 142 ; 81 84 ; 82 145 ; 83 145 ; 84 145 ; 84 90 ;
85 178 ; 85 176 ; 85 175 ; 85 145 ; 85 177 ; 86 177 ; 87 177 ; 87 175 ; 88 177 ; 89 136 ; 89 174 ; 89 175 ; 89 173 ; 89 171 ; 90 136 ; 90 145 ; 90 94 ;
91 171 ; 91 174 ; 91 173 ; 92 170 ; 92 174 ; 93 167 ; 93 171 ; 93 128 ; 93 136 ; 93 170 ; 93 172 ; 93 169 ; 94 98 ; 94 128 ; 94 136 ; 95 170 ; 95 167 ;
95 169 ; 96 166 ; 96 170 ; 97 166 ; 97 167 ; 97 163 ; 97 165 ; 97 168 ; 98 168 ; 98 128 ; 98 120 ; 99 166 ; 99 165 ; 99 163 ; 100 166 ; 101 163 ; 101
164 ; 101 112 ; 102 112 ; 102 120 ; 102 114 ; 103 112 ; 103 164 ; 104 112 ; 105 113 ; 105 111 ; 105 164 ; 105 114 ; 105 112 ; 106 110 ; 106 112 ; 107
162 ; 107 115 ; 107 113 ; 107 164 ; 107 116 ; 107 114 ; 108 159 ; 108 164 ; 108 116 ; 109 117 ; 109 116 ; 109 118 ; 109 115 ; 110 116 ; 111 119 ; 111
117 ; 111 118 ; 111 120 ; 112 120 ; 113 121 ; 113 119 ; 113 120 ; 113 159 ; 113 168 ; 113 122 ; 114 159 ; 114 168 ; 115 121 ; 115 123 ; 115 122 ; 115
124 ; 115 159 ; 116 159 ; 117 123 ; 117 124 ; 117 126 ; 117 125 ; 119 125 ; 119 127 ; 119 128 ; 119 126 ; 120 126 ; 120 168 ; 121 128 ; 121 130 ; 121
168 ; 121 172 ; 121 129 ; 121 127 ; 122 168 ; 122 155 ; 122 159 ; 123 129 ; 123 130 ; 123 132 ; 123 131 ; 125 133 ; 125 131 ; 125 134 ; 125 132 ; 126
134 ; 127 135 ; 127 133 ; 127 134 ; 127 136 ; 128 172 ; 129 137 ; 129 135 ; 129 151 ; 129 136 ; 129 138 ; 130 155 ; 131 138 ; 131 139 ; 131 137 ; 131
140 ; 133 141 ; 133 139 ; 133 142 ; 133 140 ; 134 142 ; 135 143 ; 135 141 ; 135 145 ; 135 142 ; 135 144 ; 136 151 ; 136 172 ; 136 145 ; 137 147 ; 137
151 ; 137 143 ; 137 144 ; 141 145 ; 142 145 ; 143 147 ; 143 176 ; 143 178 ; 144 151 ; 144 176 ; 144 178 ; 146 151 ; 146 178 ; 146 176 ; 148 173 ; 148
175 ; 148 176 ; 148 177 ; 149 177 ; 150 173 ; 150 175 ; 151 172 ; 151 155 ; 152 174 ; 152 173 ; 152 171 ; 152 169 ; 152 172 ; 153 174 ; 154 171 ; 154
35
169 ; 155 172 ; 155 168 ; 155 159 ; 156 170 ; 156 169 ; 156 167 ; 156 165 ; 156 168 ; 157 170 ; 158 167 ; 158 165 ; 159 168 ; 160 165 ; 160 166 ; 166
170 ; 168 172 ; 174 177 ;
S6-C;4.5Acut-o;211 contacts
1 34; 1 36; 1 66; 1 67; 1 68; 2 65; 2 66; 2 67; 2 69; 3 36; 3 38; 3 64; 3 65; 3 66; 3 92; 3 93; 3 96; 4 63; 4 64; 4 65; 4 67; 4 69; 4 72; 4 90; 4 91; 4 92; 4
93; 5 62; 5 63; 5 89; 5 90; 5 91; 5 93; 6 61; 6 62; 6 63; 6 65; 6 79; 6 88; 6 89; 6 90; 7 61; 7 62; 7 87; 7 88; 7 89; 7 91; 8 26; 8 59; 8 60; 8 61; 8 63; 8
79; 8 85; 8 87; 8 88; 9 48; 9 58; 9 59; 9 60; 9 84; 9 85; 9 86; 9 87; 10 19; 10 22; 10 58; 10 59; 10 61; 10 84; 10 85; 10 86; 11 59; 11 84; 11 86; 12 45;
12 55; 12 57; 12 58; 12 59; 12 86; 13 18; 13 55; 14 18; 14 19; 14 22; 14 84; 15 19; 16 20; 17 21; 18 22; 19 23; 19 42; 19 59; 20 24; 21 25; 21 82; 22
26; 22 82; 22 84; 23 27; 23 42; 23 61; 23 63; 24 28; 25 29; 25 82; 26 30; 26 61; 26 63; 26 79; 27 31; 28 32; 29 33; 29 75; 29 78; 29 79; 30 34; 30 35;
30 37; 30 63; 30 65; 30 75; 31 35; 32 71; 33 67; 33 68; 33 71; 33 74; 33 75; 33 78; 34 66; 34 67; 34 68; 35 65; 35 66; 35 67; 36 64; 36 65; 36 66; 37
63; 37 64; 37 65; 38 64; 38 65; 38 66; 39 62; 39 63; 39 64; 39 97; 40 62; 40 63; 41 60; 41 61; 41 62; 42 59; 42 60; 42 61; 43 60; 43 61; 43 62; 44 58;
44 59; 44 60; 45 58; 45 59; 46 56; 46 57; 46 58; 46 60; 47 56; 47 57; 48 52; 48 55; 48 56; 48 57; 48 58; 48 60; 48 87; 50 87; 51 55; 51 56; 52 86; 52
87; 53 86; 55 86; 60 87; 62 97; 64 93; 64 96; 64 97; 67 71; 67 72; 67 75; 68 72; 70 74; 71 75; 72 76; 72 90; 73 77; 74 78; 75 79; 76 80; 76 88; 76 90;
77 81; 78 82; 79 85; 79 88; 80 85; 80 88
S6-C;6.5A SCM (282 contacts)
1 69 ; 1 67 ; 1 68 ; 1 66 ; 1 34 ; 1 35 ; 1 36 ; 2 66 ; 2 67 ; 2 69 ; 2 65 ; 2 92 ; 3 92 ; 3 65 ; 3 66 ; 3 91 ; 3 93 ; 3 38 ; 3 64 ; 3 96 ; 3 97 ; 3 36 ; 4 64 ; 4
65 ; 4 67 ; 4 91 ; 4 92 ; 4 93 ; 4 63 ; 4 90 ; 4 66 ; 4 72 ; 4 69 ; 5 90 ; 5 91 ; 5 63 ; 5 64 ; 5 89 ; 5 62 ; 5 92 ; 5 93 ; 5 94 ; 5 95 ; 5 96 ; 5 97 ; 6 62 ; 6
63 ; 6 65 ; 6 89 ; 6 90 ; 6 61 ; 6 30 ; 6 75 ; 6 79 ; 6 88 ; 6 67 ; 7 88 ; 7 89 ; 7 90 ; 7 61 ; 7 62 ; 7 87 ; 7 43 ; 7 91 ; 8 61 ; 8 63 ; 8 85 ; 8 87 ; 8 88 ; 8
59 ; 8 60 ; 8 26 ; 8 86 ; 8 79 ; 8 89 ; 9 85 ; 9 87 ; 9 59 ; 9 60 ; 9 84 ; 9 86 ; 9 52 ; 9 48 ; 9 57 ; 9 58 ; 10 58 ; 10 59 ; 10 60 ; 10 61 ; 10 84 ; 10 85 ; 10
86 ; 10 57 ; 10 14 ; 10 19 ; 10 22 ; 10 23 ; 10 26 ; 11 84 ; 11 86 ; 11 55 ; 11 57 ; 11 19 ; 11 59 ; 11 83 ; 12 59 ; 12 45 ; 12 57 ; 12 58 ; 12 55 ; 12 86 ;
13 55 ; 13 18 ; 13 86 ; 14 18 ; 14 19 ; 14 22 ; 14 84 ; 15 19 ; 16 20 ; 17 21 ; 18 22 ; 18 84 ; 19 23 ; 19 59 ; 19 42 ; 19 61 ; 20 24 ; 21 25 ; 21 82 ; 22
26 ; 22 63 ; 22 84 ; 22 82 ; 22 85 ; 23 61 ; 23 63 ; 23 27 ; 23 40 ; 23 42 ; 24 28 ; 24 29 ; 25 29 ; 25 79 ; 25 82 ; 26 79 ; 26 30 ; 26 75 ; 26 63 ; 26 85 ;
26 61 ; 27 63 ; 27 37 ; 27 31 ; 27 32 ; 27 40 ; 28 32 ; 29 33 ; 29 75 ; 29 78 ; 29 79 ; 30 35 ; 30 75 ; 30 34 ; 30 67 ; 30 37 ; 30 79 ; 30 63 ; 30 65 ; 31
37 ; 31 35 ; 32 71 ; 33 71 ; 33 67 ; 33 68 ; 33 75 ; 33 78 ; 33 74 ; 34 68 ; 34 66 ; 34 67 ; 35 67 ; 35 66 ; 35 65 ; 35 75 ; 36 65 ; 36 66 ; 36 64 ; 37 64 ;
37 65 ; 37 63 ; 38 64 ; 38 65 ; 38 97 ; 38 66 ; 38 96 ; 39 64 ; 39 62 ; 39 63 ; 39 65 ; 39 97 ; 40 62 ; 40 63 ; 40 61 ; 41 62 ; 41 60 ; 41 61 ; 41 63 ; 41
97 ; 42 60 ; 42 61 ; 42 59 ; 43 59 ; 43 60 ; 43 61 ; 43 62 ; 44 60 ; 44 59 ; 44 58 ; 45 58 ; 45 59 ; 45 57 ; 46 57 ; 46 58 ; 46 60 ; 46 56 ; 47 56 ; 47 57 ;
47 60 ; 48 56 ; 48 57 ; 48 60 ; 48 87 ; 48 52 ; 48 55 ; 48 86 ; 48 58 ; 49 87 ; 50 87 ; 50 55 ; 50 56 ; 51 55 ; 51 56 ; 52 57 ; 52 86 ; 52 87 ; 53 86 ; 55
86 ; 57 86 ; 58 86 ; 60 87 ; 62 97 ; 64 97 ; 64 93 ; 64 95 ; 64 96 ; 65 93 ; 67 72 ; 67 71 ; 67 75 ; 68 72 ; 69 73 ; 70 74 ; 71 75 ; 72 76 ; 72 90 ; 73 77 ;
73 80 ; 74 78 ; 75 79 ; 75 88 ; 75 90 ; 76 88 ; 76 80 ; 76 90 ; 77 81 ; 78 82 ; 79 88 ; 79 85 ; 80 85 ; 80 87 ; 80 88
S6-C-C;349 contacts
1 130; 1 132 ; 2 133 ; 2 129 ; 2 71 ; 3 126 ; 3 128 ; 3 130 ; 3 129 ; 4 135 ; 5 181 ; 5 183 ; 5 182 ; 5 180 ; 5 128 ; 5 126 ; 6 71 ; 6 75 ; 6 125 ; 6 129 ; 6
183 ; 6 189 ; 7 125 ; 7 183 ; 7 127 ; 7 122 ; 7 124 ; 7 126 ; 7 178 ; 7 180 ; 7 182 ; 8 181 ; 8 177 ; 8 141 ; 8 135 ; 8 131 ; 8 127 ; 9 182 ; 9 178 ; 9 176
; 9 122 ; 9 179 ; 9 177 ; 9 174 ; 10 179 ; 10 121 ; 10 183 ; 11 118 ; 11 120 ; 11 122 ; 11 176 ; 11 123 ; 11 121 ; 11 174 ; 12 123 ; 12 155 ; 12 127 ; 12
173 ; 12 177 ; 13 175 ; 13 173 ; 13 118 ; 13 170 ; 13 172 ; 13 174 ; 14 175 ; 14 179 ; 14 121 ; 15 170 ; 15 119 ; 15 117 ; 15 118 ; 15 114 ; 15 116 ; 16
167 ; 16 155 ; 16 123 ; 16 119 ; 16 52 ; 16 173 ; 17 164 ; 17 167 ; 17 169 ; 17 170 ; 17 168 ; 17 166 ; 17 114 ; 18 94 ; 18 171 ; 18 169 ; 18 117 ; 19
169 ; 19 115 ; 19 164 ; 19 168 ; 19 114 ; 19 113 ; 20 167 ; 20 119 ; 20 115 ; 20 44 ; 20 38 ; 21 115 ; 21 169 ; 21 164 ; 21 28 ; 22 28 ; 22 165 ; 22 169
; 23 88 ; 23 115 ; 23 114 ; 24 88 ; 24 108 ; 24 112 ; 24 169 ; 25 36 ; 26 108 ; 27 36 ; 28 44 ; 28 36 ; 28 38 ; 28 165 ; 29 37 ; 29 36 ; 29 38 ; 30 36 ; 31
38 ; 31 40 ; 31 39 ; 33 40 ; 33 42 ; 33 41 ; 35 42 ; 35 44 ; 35 43 ; 37 46 ; 37 44 ; 37 45 ; 38 115 ; 38 83 ; 38 46 ; 39 46 ; 39 48 ; 39 47 ; 41 49 ; 41 48
; 41 50 ; 42 161 ; 42 50 ; 43 51 ; 43 50 ; 43 52 ; 44 165 ; 44 161 ; 45 54 ; 45 52 ; 45 53 ; 46 123 ; 46 119 ; 46 83 ; 47 55 ; 47 56 ; 47 54 ; 49 56 ; 49
58 ; 49 57 ; 50 161 ; 51 58 ; 51 60 ; 51 155 ; 51 59 ; 52 123 ; 52 155 ; 52 119 ; 52 60 ; 53 62 ; 53 60 ; 53 61 ; 55 64 ; 55 62 ; 55 63 ; 56 64 ; 57 64 ;
57 65 ; 57 147 ; 57 66 ; 58 153 ; 58 155 ; 58 147 ; 59 68 ; 59 67 ; 59 147 ; 59 69 ; 59 66 ; 60 69 ; 60 73 ; 60 123 ; 60 147 ; 60 127 ; 61 68 ; 63 139 ;
65 131 ; 65 133 ; 65 139 ; 66 145 ; 66 147 ; 66 139 ; 66 153 ; 66 131 ; 67 128 ; 67 131 ; 67 133 ; 67 130 ; 68 131 ; 68 128 ; 68 130 ; 69 127 ; 69 131 ;
70 124 ; 70 127 ; 70 129 ; 70 126 ; 70 128 ; 71 129 ; 72 124 ; 72 127 ; 73 123 ; 73 79 ; 73 127 ; 74 124 ; 74 126 ; 75 125 ; 75 129 ; 76 121 ; 76 124 ;
76 125 ; 76 120 ; 76 123 ; 76 122 ; 77 125 ; 77 121 ; 78 120 ; 78 122 ; 79 123 ; 80 121 ; 80 118 ; 80 120 ; 80 119 ; 80 116 ; 81 121 ; 82 116 ; 82 119 ;
83 119 ; 83 115 ; 84 116 ; 85 121 ; 85 117 ; 85 90 ; 86 115 ; 86 117 ; 86 116 ; 86 113 ; 86 114 ; 87 115 ; 87 114 ; 87 113 ; 88 115 ; 89 112 ; 89 109 ;
89 111 ; 89 113 ; 89 117 ; 90 117 ; 91 109 ; 91 111 ; 91 112 ; 92 112 ; 93 111 ; 93 109 ; 94 171 ; 94 117 ; 94 102 ; 98 171 ; 99 107 ; 99 109 ; 100 110
; 101 108 ; 101 169 ; 102 171 ; 102 169 ; 104 169 ; 108 169 ; 117 171 ; 125 189 ; 125 183 ; 131 139 ; 131 147 ; 131 141 ; 132 139 ; 132 141 ; 132 140
; 133 139 ; 134 141 ; 136 145 ; 138 147 ; 138 145 ; 138 146 ; 139 145 ; 140 149 ; 140 147 ; 140 148 ; 141 177 ; 142 150 ; 142 149 ; 142 151 ; 143 151
; 144 151 ; 144 152 ; 144 153 ; 145 151 ; 146 155 ; 146 154 ; 146 153 ; 147 155 ; 148 157 ; 148 155 ; 148 156 ; 148 173 ; 149 173 ; 149 157 ; 149 177
; 150 157 ; 150 159 ; 150 158 ; 152 160 ; 152 159 ; 153 159 ; 154 173 ; 154 167 ; 154 161 ; 155 173 ; 156 167 ; 156 173 ; 157 173 ; 160 167 ; 161 167
36
; 167 173 ; 183 189
M7-C;4.5A cut-o (253 contacts)
1 16;1 17;1 18;1 19;1 47;1 48;1 49;1 50;2 15;2 16;2 17;2 18;2 19;2 25;2 32;2 46;2 47;2 48;2 49;2 59;3 14;3 15;3 16;3 17;3 45;3 46;3 47;3 48;3 49;4 13;4
14;4 15;4 16;4 17;4 32;4 36;4 44;4 45;4 46;4 47;5 12;5 13;5 14;5 15;5 43;5 44;5 45;5 46;5 47;6 11;6 12;6 13;6 14;6 15;6 36;6 39;6 41;6 42;6 43;6 44;6
45;7 11;7 12;7 13;7 43;7 44;7 45;8 12;8 13;8 39;8 40;8 41;8 42;8 43;9 42;15 32;17 28;17 32;19 24;19 25;21 25;23 27;23 28;24 28;24 29;25 29;25 30;25
48;25 59;25 62;26 30;27 31;28 32;28 33;29 33;29 62;29 63;29 66;30 34;31 35;31 36;32 36;32 37;32 66;33 37;33 38;33 66;33 69;33 70;34 38;34 39;35
39;35 40;36 40;36 41;36 44;36 46;36 66;36 67;36 70;36 72;37 41;37 70;41 72;41 90;42 72;42 88;42 89;42 90;43 72;43 88;43 89;43 90;44 67;44 72;44
86;44 87;44 88;44 89;45 85;45 86;45 87;45 88;46 63;46 66;46 67;46 84;46 85;46 86;46 87;46 88;47 83;47 84;47 85;47 86;48 59;48 63;48 82;48 83;48
84;48 85;49 83;49 84;50 55;50 56;50 59;50 82;50 83;50 84;51 55;51 82;52 56;52 57;52 82;53 57;53 81;53 82;54 58;54 59;55 59;55 60;56 60;56 61;56
79;56 82;56 84;57 61;57 62;57 65;58 62;58 63;58 65;59 63;59 64;59 84;60 64;60 77;60 79;60 84;60 86;61 65;61 66;62 66;62 67;63 67;63 68;63 84;63
86;64 68;64 69;64 75;64 86;65 69;66 70;67 71;67 72;67 75;67 86;67 88;68 72;68 75;71 90;72 88;72 89;72 90;73 89;73 90;74 87;74 88;74 89;74 90;75
86;75 87;75 88;75 89;76 85;76 86;76 87;76 88;76 89;77 84;77 85;77 86;77 87;78 83;78 84;78 85;78 86;79 83;79 84;79 85;80 84;80 85
M7-C;SCM (229 contacts)
1 19 ; 1 48 ; 1 49 ; 1 16 ; 1 17 ; 1 18 ; 1 47 ; 2 16 ; 2 17 ; 2 18 ; 2 47 ; 2 48 ; 2 15 ; 2 32 ; 2 25 ; 2 46 ; 2 19 ; 3 16 ; 3 46 ; 3 47 ; 3 48 ; 3 15 ; 3 45 ; 3
49 ; 3 14 ; 4 14 ; 4 15 ; 4 44 ; 4 45 ; 4 46 ; 4 13 ; 4 32 ; 4 36 ; 4 16 ; 4 17 ; 5 14 ; 5 44 ; 5 45 ; 5 46 ; 5 47 ; 5 13 ; 5 43 ; 5 12 ; 6 12 ; 6 13 ; 6 43 ; 6
44 ; 6 11 ; 6 36 ; 6 41 ; 6 15 ; 6 35 ; 6 39 ; 7 43 ; 7 44 ; 7 45 ; 7 11 ; 7 12 ; 7 41 ; 7 42 ; 8 12 ; 8 13 ; 8 42 ; 8 39 ; 8 40 ; 8 41 ; 9 42 ; 15 32 ; 17 28 ;
17 32 ; 17 24 ; 19 24 ; 19 25 ; 21 25 ; 23 27 ; 24 28 ; 24 29 ; 25 29 ; 25 32 ; 25 48 ; 25 59 ; 25 62 ; 26 30 ; 27 31 ; 27 32 ; 28 32 ; 29 33 ; 29 66 ; 29
62 ; 30 34 ; 31 35 ; 31 38 ; 32 36 ; 32 37 ; 32 70 ; 32 66 ; 33 66 ; 33 70 ; 33 37 ; 33 38 ; 33 69 ; 34 38 ; 35 39 ; 35 40 ; 35 41 ; 36 41 ; 36 40 ; 36 72 ;
36 70 ; 36 44 ; 36 46 ; 36 66 ; 36 67 ; 37 70 ; 41 72 ; 41 88 ; 41 90 ; 42 72 ; 42 90 ; 42 88 ; 42 89 ; 43 88 ; 43 89 ; 43 90 ; 44 72 ; 44 87 ; 44 88 ; 44
67 ; 44 86 ; 45 86 ; 45 87 ; 45 85 ; 46 67 ; 46 85 ; 46 86 ; 46 63 ; 46 84 ; 46 66 ; 47 84 ; 47 85 ; 47 83 ; 48 63 ; 48 83 ; 48 84 ; 48 59 ; 48 82 ; 49 82 ;
49 83 ; 50 82 ; 50 83 ; 50 55 ; 50 56 ; 50 59 ; 50 84 ; 51 55 ; 51 56 ; 51 59 ; 51 82 ; 52 82 ; 52 56 ; 53 81 ; 53 82 ; 53 57 ; 54 58 ; 54 59 ; 55 59 ; 56
84 ; 56 60 ; 56 79 ; 56 81 ; 56 82 ; 57 61 ; 57 65 ; 58 65 ; 58 62 ; 59 63 ; 59 86 ; 59 84 ; 60 84 ; 60 86 ; 60 64 ; 60 79 ; 60 77 ; 61 65 ; 61 68 ; 62 66 ;
63 67 ; 63 86 ; 63 68 ; 63 84 ; 64 86 ; 64 68 ; 64 75 ; 65 69 ; 66 70 ; 66 71 ; 66 72 ; 67 72 ; 67 71 ; 67 75 ; 67 88 ; 67 86 ; 68 75 ; 68 72 ; 71 90 ; 72
89 ; 72 90 ; 72 88 ; 73 89 ; 73 90 ; 74 88 ; 74 89 ; 74 87 ; 75 86 ; 75 87 ; 75 88 ; 76 86 ; 76 87 ; 76 85 ; 76 89 ; 77 85 ; 77 86 ; 77 84 ; 78 85 ; 78 83 ;
78 84 ; 79 83 ; 79 84 ; 79 85
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Figure S.1: Energies in kcal/mol ( ) of the structures identied as traps relative to the
native state. The potentials plotted are the 4.5A cut-o based potential with (4.5+hp) and
without (4.5) hydrophobic contacts in green, the 6.5 Acut-o based shadow-contact map
potential with (6.5+hp) and without (6.5) hydrophobic contacts in red, and the structures
identied from the two-bead potential (tb) are also plotted in blue.
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Figure S.2: Potential energies in kcal/mol () relative to the native state as a function of the
integrated path length along the putative fastest paths for transitioning into the native state
from structures A1, A2, A3, A4, A5, A6, A7 and A8 are depicted. The potentials plotted
are the 4.5A cut-o based potential with (4.5+hp) and without (4.5) hydrophobic contacts
and the 6.5 cut-o based shadow-contact map potential with (6.5+hp) and without (6.5)
hydrophobic contacts.
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Figure S.3: Normalised population of conformational states (vertical-axis) as a function of
fraction of native-contacts, Q (x-axis) derived for the M7 protein from molecular dynamics
trajectory at the folding temperature simulations with the 4.5 A cut-o based potential (4.5)
and the 6.5 A cut-o based shadow-contact map potential (SCM). No intermediate states
were found. .
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